A novel streptogramin A, pleuromutilin, and lincosamide resistance determinant, Vga(E), was identified in porcine methicillin-resistant Staphylococcus aureus (MRSA) ST398. The vga(E) gene encoded a 524-amino-acid protein belonging to the ABC transporter family. It was found on a multidrug resistance-conferring transposon, Tn6133, which was comprised of Tn554 with a stably integrated 4,787-bp DNA sequence harboring vga(E). Detection of Tn6133 in several porcine MRSA ST398 isolates and its ability to circularize suggest a potential for dissemination.
In Gram-positive bacteria, cross-resistance to pleuromutilins and streptogramins A and decreased susceptibility to lincosamides have been attributed to ATP-binding cassette (ABC) transporters encoded by vga genes (7, 11, 16) . To date, six vga genes have been described: vga(A) (3) , vga(A) LC (24) , vga(A)v (13, 14) , vga(B) (2) , vga(C) (16) (15) , all of the other genes were found on plasmids or transposons in staphylococci.
, and vga(D). While vga(D) was identified on a plasmid in Enterococcus faecium
The use of antibiotics has likely contributed to the selection for such resistance genes. In pig husbandry, virginiamycin, a combination of virginiamycin M (type A streptogramin) and virginiamycin S (type B streptogramin), was extensively used in feed as a growth promoter for 30 years prior to being banned in Europe in 1999 (1, 26) . However, antibiotics are still widely used in piggeries to prevent and treat bacterial infectious diseases. Several drugs, such as the pleuromutilins tiamulin and valnemulin and the lincosamide clindamycin, are among those antibiotics that are administrated through medicated feed (6) .
During the monitoring of methicillin-resistant Staphylococcus aureus (MRSA) in the nasal cavities of pigs at slaughterhouses in Switzerland in 2009 and 2010, 90% of the MRSA isolates were resistant to tiamulin (25) . While one-third of these tiamulin-resistant MRSA isolates harbored the vga(A)v gene, the remaining isolates did not contain any of the known vga genes (25) . In the present study, we characterized a new streptogramin A, pleuromutilin, and lincosamide resistance gene, vga (E) . Further, we demonstrated its localization on a new multidrug resistance-conferring Tn554-like transposon, Tn6133, in MRSA sequence type 398 (ST398).
Detection of vga(E) and Tn6133. The MRSA ST398 spa type t034 strain IMD49-10 (Table 1) was tested for the presence of transferable virginiamycin M1-tiamulin resistance by electrotransformation and conjugation. No transfer between S. aureus IMD49-10 and S. aureus 80CR5 (Fus r Rif r ) (10) occurred during filter mating experiments (27) using selection on brain heart infusion (BHI) agar containing 100 g/ml rifampin, 25 g/ml fusidic acid, and either 5 g/ml virginiamycin M1 or 5 g/ml tiamulin. All antibiotics used in the study were purchased by Sigma-Aldrich, St. Louis, MO. However, transformants were obtained after the electroporation of competent S. aureus RN4220 cells (29) with plasmid DNA extracted from IMD49-10 by using the NucleoBond Xtra midi kit (MachereyNagel). RN4220 transformants were selected on NYE (1% casein hydrolysate, 0.5% yeast extract, 0.5% sodium chloride [29] ) agar plates containing 10 g/ml virginiamycin M1. In addition to displaying virginiamycin M1 resistance, the transformants also displayed resistance to tiamulin, erythromycin, clindamycin, and spectinomycin as determined by a broth dilution method (8) using Sensititre staphylococci plate EUST (Trek Diagnostics Systems, East Grinstead, England) and handmade microtiter plates for virginiamycin M1, spectinomycin, tiamulin, and clindamycin (Table 1 ). PCR analysis revealed that the macrolidelincosamide-streptogramin B (MLS B ) resistance gene erm(A) and the spectinomycin resistance gene ant(9)-Ia were transferred from IMD49-10 DNA into the RN4220 transformant strain SSC49-10, suggesting the possible presence of a Tn554-like element. In transposon Tn554, the two antibiotic resistance genes erm(A) and ant(9)-Ia are flanked by three transposase genes (tnpA, tnpB, and tnpC) on one side and by an open reading frame (ORF) of unknown function (orf) on the other side ( Fig. 1) (21) . Tn554 is known to integrate with high frequency into the unique att554 site of the S. aureus chromosome (18, 22) .
The presence of a Tn554-like element in IMD49-10 and SSC49-10 was confirmed by PCR amplification of the two regions flanking the ant(9)-Ia and erm(A) gene cluster by using primers specific for tnpA (tnpA-F, 5Ј-AGATTAGGTCACGC ACATG) and ant(9)-Ia [ant(9)-Ia-R, 5Ј-CTTAACGAGTGCT TTCACC] as well as primers specific for erm(A) [erm(A)-R, 5Ј-TTAGTGAAACAATTTGTAACTATTG] and the orf gene of Tn554 (orf-R, 5Ј-TAGATTTGGCAAGATCGAGC) (Fig.  1 ). PCRs were performed using the Roche Expand Long Template PCR system with an extension time of 5 min and an annealing temperature of 50°C. S. aureus BM3318 containing Tn554 was used as a control (13) . A 3.3-kb fragment was obtained for the 5Ј part of the transposon, as in Tn554; however, from the 3Ј part of the transposon, a 6.3-kb fragment, instead of the expected 1.5-kb fragment, was amplified.
DNA sequencing of the 6.3-kb fragment revealed the presence of a new vga gene, which was named vga(E) (MLS nomenclature, http://faculty.washington.edu/marilynr/). From here, the complete nucleotide sequence of the transposon was obtained for IMD49-10 and SSC49-10 by sequencing both strands of the regions spanning the vga(E) gene with the 5Ј and 3Ј parts of the integration site for Tn554 (att554) (ABI 3100 genetic analyzer; Applied Biosystems). Both regions were amplified using one primer pair specific for the 5Ј att554 (att554-F, primer 1 in reference 14, 5Ј-GTTCGATTGTACA TCCACG) and vga(E) [vga(E)-R4, 5Ј-TAGCTCCTGTTATT CTTGC; extension time, 8 min; annealing temperature, 50°C; PCR product, 9.4 kb] and another primer pair specific for vga(E) [vga(E)-R, 5Ј-GGGTAGGTTGAGTTTGGAG] and the 3Ј att554 (att554-R, primer 12 in reference 14, 5Ј-CCCGC TTCTACAAGACTGG; extension time, 2 min; annealing temperature, 50°C; PCR product, 1.4 kb) ( Fig. 1) .
Characterization of Tn6133. The assembled sequences revealed a new transposon of 11,475 bp that was designated Tn6133 (http://www.ucl.ac.uk/eastman/tn/). Tn6133 consisted of the Tn554 sequence with an insertion of a new 4,787-bp sequence between positions 5745 and 5746 of Tn554 (Fig. 1) . The Tn554-like DNA of Tn6133 was nearly identical to the Tn554 sequence deposited in GenBank (accession no. X03216), except for four deletions at positions C5555, G5561, G5591, and (20) . The sequence at the transposon ends varied with respect to the attachment site, and the core sequence of the att554 integration site (5Ј-GATGTA; Fig. 1 ) is usually found at the right-end junction of Tn554-like transposons (20, 23) . Tn6133 displayed a variant right-end sequence of 5Ј-AACATC when integrated into the IMD49-10 chromosome; however, the core sequence of 5Ј-GATGTA was observed when Tn6133 was integrated into the SSC49-10 att554 site or when it circularized in IMD49-10 and SSC49-10 cells. These characteristics as well as the specific integration into the att554 site indicate that Tn6133 is likely to be mobilized by the transposases TnpA, TnpB, and TnpC analogously to Tn554 (4). As predicted using NCBI's ORF-Finder software, the new 4,787-bp sequence contained four ORFs. Of these, orf6133_1 and orf6133_2 coded for small proteins of 165 and 138 amino acids (aa), respectively, while orf6133_3 encoded a putative recombinase of 522 aa. The new vga(E) gene encoded a 524-aa protein related to the Vga family of ABC transporters. Amino acid sequence comparison using the BLAST algorithm revealed that deduced amino acid sequence from orf6133_3 shared 75% overall identity with a site-specific recombinase of Clostridium difficile (ZP_06891069) and Streptococcus mitis (YP_003446815) and 74% overall identity with a putative DNA recombinase of Bacillus cereus (NP_976747). Conserved domain analysis (CD search software; NCBI) indicated that the deduced amino acid sequence from orf6133_3 possessed all of the catalytic residues of a serine recombinase (R34 and S36 [motif A] and S106, R107, and R110 [motif C] [12] ). The N-terminal catalytic domain was followed by a cysteine-containing motif (aa 328 to 369) with a consensus sequence, LX 5 CX 2 CG/(E)X 13-27 Y/(W)XCX 2-21 C [residues in parentheses indicate deviations from consensus sequence found in Vg␣(E)], and a small Leu/Iso/Val-rich region (aa 493 to 503) which characterize members of the large serine recombinase family (31) . These site-specific recombinases have the ability to catalyze excision and integration of DNA elements and are represented by the phiC31 integrase, TnpX, and TndX recombinases (19, 30, 33) .
Characterization of Vga(E). The Vga(E) protein shared less than 65% DNA identity and less than 56% amino acid identity with known Vga determinants ( Table 2 ). In a phylogenetic tree, Vga(E) was situated in a separate branch within the cluster containing the different Vga(A) proteins and Vga(C) (Fig. 2) . Vga proteins belong to class 2 of the ABC transporters that contain two nucleotide-binding domains in the same polypeptide chain with no transmembrane domains (5). Duplicate conserved amino acid motifs required for ATP binding and hydrolysis were found in Vga(E). Overall, the following components and motifs were found in the amino acids of Vga(E): the Walker A motif sequence GxxxxGKT (x represents any amino acid) at aa 36 to 43 and 304 to 311, the Walker B motif (32) , the ABC transporter signature motif at aa 79 to 83 (KSGGE) and 384 to 388 (LSGGE), the invariant glutamine of the lid region at aa Q71 and Q337, and the conserved histidine of the switch region at aa H133 and H438 (9) . Consistent with the case for other Vga transporters, no hydrophobic membrane-spanning domain was identified in Vga(E). vga(E)-mediated antibiotic resistance was demonstrated by the expression of vga(E) from its own promoter by using the Escherichia coli-S. aureus shuttle vector pBUS1, which lacks promoter sequences (28) . The vga(E) gene, along with 512 bp upstream DNA of the start codon, was amplified by PCR from IMD49-10 by using primers vga(SalI)-F2 (5Ј-catgtcgaCAACG GATTGAAGAAATGACA) and vga(XbaI)-R2 (5Ј-cattctagA TTCCCTACTATGAGTCACTA). These primers were supplemented with linkers (lowercase) that contained a SalI or XbaI restriction site (underlined) to facilitate cloning into pBUS1. The resulting plasmid, pBSSC12, was electroporated into S. aureus RN4220 cells (29) . When present in S. aureus RN4220 cells on the pBSSC12 plasmid or on Tn6133, the vga(E) gene conferred a minimum of a 6-fold increase in resistance to virginiamycin M1 and at least 5-fold and 10-fold increases in resistance to clindamycin and tiamulin, respectively. In contrast, RN4220 cells alone and RN4220 cells harboring the empty pBUS1 vector remained susceptible to these antibiotics (Table 1) . Decreased susceptibility to the streptogramin quinupristin-dalfopristin was also noted for RN4220 cells containing vga(E) ( Table 1) . MICs for cefoxitin, chloramphenicol, ciprofloxacin, erythromycin, fusidic acid, gentamicin, kanamycin, linezolid, mupirocin, penicillin, rifampin, spectinomycin, streptomycin, sulfamethoxazole, tetracycline, trimethoprim, and vancomycin remained unchanged (data not shown).
Distribution of Tn6133 in MRSA. Eighteen tiamulin-resistant MRSA ST398-t034 isolates recovered from pigs raised in different geographical regions of Switzerland tested positive for the vga(E) gene by PCR using primers vga(E)-F6 (5Ј-GA AATATGGGAAATAGAAGATGG) and vga(E)-R3 (5Ј-TG ATTCTCTAACCACTCTTC) with an annealing temperature of 52°C. All isolates harbored Tn6133 as determined by EcoRI restriction endonuclease analysis of the PCR products covering the regions situated between vga(E) and both ends of Tn6133. The left part of Tn6133 was amplified with the primers tnpA-F and vga(E)-R3 and the right part with the primers vga(E)-F6 and orf-R (Fig. 1) . Each of the obtained profiles was identical to the profiles of the sequenced IMD49-10 strain, emphasizing the spread of Tn6133 in MRSA in Switzerland.
Once again, our discovery demonstrated the ability of bacteria to acquire new antibiotic resistance genes via mobile genetic elements to adapt to the antimicrobial pressures common in pig husbandry. The presence of a new gene in livestockassociated MRSA ST398 that confers resistance toward antibiotics that are mainly used in animals provides further evidence that the use of antibiotics in animal husbandry contributes to the selection of multidrug-resistant bacteria.
Nucleotide sequence accession number. The complete nucleotide sequence of Tn6133 and parts of its flanking att554 sites has been deposited in the EMBL database under accession number FR772051.
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